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I. INTROlxIcTION 

The subject of this study is the electromagnetic radiation, or brems- 
strahlung, produced when energetic electrons interact with matter in bulk. 
The energies of the incident electrons ranged from 0.5 to 3.0 MeV - that is 
to say the electrons bad a kinetic energy of the same order as their rest 
energy. 
production is least satisfactory. At non-relativistic energies, w h e r e  the 
kinetic energy of the incident electrons is small coanpared with their rest 
energy, exhaustive studies, both theoretical and experimental, have been 
made. (Sonrmerfeld, Wellemnechanlk, Chapter 7). Cur knowledge of the 
characteristics of the bremsstrahlung production at these energies is com- 
plete and quantitative. 
energy of the electrons is large compared with their rest energy, has been 
studied theoretically EkperimentaJ. studies are sparse, but tend to in- 
dicate reasonable agreement with the theoretical predictions i n  total in- 
tensity, in spectral distribution, and in angular distribution. In the 
intermediate energy range, experimental data are also slight, and they in- 
dicate discrepancies with theoretical estimates in all the pertinent charac- 
teristics: total  intensity, angular distribution, and spectral distribution. 
While we share the universal optimism that the basic phenomenon of brems- 
strahlung is clearly understood, and the calculations are qualitatively con- 
vincing, they remain quantitatively unreliable. The greatest uncertainties 
are in the energy range f r o m  0.10 to 2.0 MeV. 

studies to date are those carried out at the National Ijureau of Standards by 
Motz and co-workers, who measured bremsstrahlung cross sections for 0.5 and 
1.0 MeV electrons on beryllium, aluminum and gold . Their results show the 
clear need for extending these systematic measurements for these and other 
materials to higher energies. Moreover, the computation of the bremsstrahlung 
that would be expected from a thick target is somewhat uncertain, even if 
one has reliable values for atomic bremsstrahlung cross sections. Such a 

computation would require knowledge of electron scattering cross sections, 

It is in t h i s  energy range that our knowledge of bremsstrahlung 

The extreme relativistic case, in which the kinetic 
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Among the most pertinent 
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and cross sections for energy loss by other means, for which reliable data 
are not available at this time. 
directly the bremsstrahlung produced by thick targets. 

Hence, it is also pertinent to measure 

The work described in this report is the initial effort by the Nuclear 
Sciences Group, LTV Research Center, to fulfill the basic need for experi- 
mental bremsstrahlung spectra. 
laboratory is a 3.0 MeV Van de Graaff accelerator, equipped to accelerate 
either positive ions or electrons. 
conveniently to the acquisition of bremsstrahlung spectra because of the 
monoenergetic electron beam, the high degree of stability, and the ease with 
which the beam energy may be varied - all characteristic of this type of 
accelerator. Thus the capabilities of this accelerator and associated de- 
tection equipment and data handling instrumentation coincide with those 
required for the urgently needed bremsstrahlung production data. 

The principal research apparatus in this 

A Van de Graaff accelerator lends itself 

In the present study radiation intensities were measured from aluminum 
targets as a function of electron energy, and photon energy and -le of 
emission, in the electron energy range 0.5 to 3.0 MeV. 
spectra were accumulated for angles varying from 15" to 120' to the incident 
beam direction. 
cept in the case of photon observation at 90 degrees, in which case the 
angle of incidence was 45 degrees. 
153 w/cm2 for one of the thin targets to 1.9 mg/cm 

bombarded with the maximum energy electrons. 
distributions were used to calculate the experimental differential cross 
sections. These values were compared with the Bethe-Heitler Born approxi- 
mation cross sections computed from formulas given by Koch and Motz. 

Bremsstrahlung 

The electron beam was incident normal to the target, ex- 

Target thickness was varied from 
2 for the thick target 

The bremsstrahlung pulse height 

It is clear that the production of bremsstrahlung is only one of the 
interactions of energetic electrons with bulk matter. 
scattering of the incident electrons, the production of secondary electrons, 
the total energy balance between the incident electron and the bulk ma- 
terial (slowing down), and the effects on the bulk material itself. 
first of these,electron scattering, is being studied currently in a closely 
related project in this laboratory. 

Others include the 

The 



The results of these basic studies of electron interactions with matter 
have a number of hnediate practical applications. 
with vehicles traveling through regions of high concentrations of energetic 
electrons snd other charged particles, has clearly emphasized the need for 
reliable data on the secondary radiations produced by these charged m i c l e s .  
Because of its deep penetrating power, bremsstrahlung produced in these 
interactions is of great importauce. Basic measurements of the bremsstrahlung 
production, dong with a knowledge of space electron spectra, are necessary 
for accurate calculation of radiation doses inside space vehicles. Reliable 
dose calculations are required both for the assessment of biological hazard, 
and for the interpretation of instrumental measurements by radiation-sensitive 
detectors. 

The advent of space flight, 

The increasing industrial use of electron accelerators, w i t h  energies 
extending into the low relativist ic range, also brings with it the need for 
reliable bremsstrahluag cross section data. This is  required for an 
adequate treatment of shielding of facilities, as well  aa for prediction of 
radiation effects on materials subjected to  the radiation environment. 
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11. EXPERIMENTAL METHOD 

A. Apparatus 

1. General Arrangement 

The experimental arrangement for the measurements in the present 
study is shown in the photograph of Figure 1, and schematically in Figure 2. 
The electron beam impinges at normal incidence on the target positioned in 
the center of an evacuated cylindrical chamber. The chamber is mounted at 
the end of the Van de Graaff accelerator beam drift tube. 
radiation produced in the target material and emerging at an angle 8 to the 
incident beam direction passes through a thin window in the chamber wall, 
through two lead collimators, and then through an aperture in the lead sheath 
enclosing the scintillation spectrometer, where it is detected. A pennanent 
magnet is placed between the two collimators, as shown in Figure 2, to sweep 
out electrons scattered into the solid angle subtended by the detector. 
set of lead inserts for the detector aperture is provided for varying the 
size of the aperture to obtain the desired count rate in the detector. 
defining aperture of the detector is placed at a fixed radius of 98.1 cm from 
the target, its radius arm being secured to a bearing at a point on the pro- 
jected axis of the target chamber. 
through a range of angles from 0' to 150" with the target as center. 
a one-inch diameter collimator at one meter from the target the detector sub- 
tends 

The bremsstrahlung 

A 

The 

The detector carriage can be rotated 
With 

an angle of 1.5 '. 
2. Target Chamber 

The target chamber used in the initial measurements was fabricated 
from lucite (Figure 3),  chosen for its l o w  effective atomic number so as to 
minimize background radiation from the chamber contributed by bremsstrahlung 
resulting from scattered electrons. The chamber was constructed from lucite 
tubing 12-inches in diameter by 11 inches long by 1/4-inch wall. 
plates were cut from 1 inch lucite sheet. 
viewing quartz disc can be positioned remotely in the beam. 
the target is observed by-,a television monitor. 
lung observation are of .005" mylar, bonded to the outside of the chamber 

The end 
Either the target, or a beam- 

The position of 
The windows for bremsstrah- 

I 
1 
P 
I 
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I 

-4- 



- 4- 



-6- 



- 7- 



w a l l  with Epibond 101" cement. With these windows, absorption of the X-radla- 

t ion i s  less  than one percent at  photon energies above 20 keV. 

A t  a l a te r  stage I n  the measurements the luc i t e  chamber was replaced 
w i t h  an aluminum one, due t o  the d i f f icu l ty  i n  obtaining accurate electron 
current integration using the luc i te  chamber (as described below) . 
aluminum chamber was identical  In  geometry t o  the original chamber. 

The 

3. Electron Beam Current Integration 

For determining the number of electrons incident on the target  during 

a run, the initial chamber was f i t t e d  with a 2-Inch Faraday Cup of graphite. 
This was separated from the chamber by a &-inch long exit tube and shielded 
with sufficient thickness of lead t o  minimize this source of background 
radiation. 

During the thin target  bremsstrahlung measurements, when the target  
i s  i n  the beam, an appreciable portion of the incident beam i s  scattered, 
and not collected by the Faraday cup. It is  necessary, then, t o  determine 
the r a t io  of the current collected with the target  In  place t o  the t o t a l  

beam current, i.e., that collected with the target  removed. '&Is procedure, 
while simple i n  concept, proved very tedious i n  practice. Furthermore, the 
repeatability of this measurement was poor - sametimes no be t te r  than 20 - 25 
percent. 
s t a t i c  charging of the luc i te  w a l l s .  However, coating the Inside of the 

chamber with a conducting layer of aquadag did not improve the si tuation 
significantly. 
was bui l t .  

It was thought that th i s  unrel iabi l i ty  might be due t o  an electro- 

It was for  t h i s  reason that a new target  chamber of aluminum 

The aluminum chamber also has a graphite beam stop on the side oppo- 
s i t e  the beam entrance. 
and a l l  the current collected on the beam stop, chamber, and target i s  in- 
tegrated. 

beam current. There i s  no detectable difference I n  the collected beam when 
the  target  i s  i n  or out of the beam. 

The chsmber I s  e lec t r ica l ly  Insulated from ground, 

TkLis has resulted In a much more rel iable  measure of the incident 

* F'urane Plastics, Inc. 
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It was expected that the aluminum chamber would produce a higher 
background radiation than the lucite one, because of its higher effective 
atcgnic number. 
background was further reduced by appropriate placement of lead shielding. 

Eowever, the background increased by only about lo$, and t h i s  

"0 prevent backscattered electrons from escaping through the entrance 
tube to the chnmber, a repelling voltage of -300 V was applled to a short 
section of the beam tube, electrically isolated fran the chamber and frau 
the grounded portion of the accelerator drift tube, 
was provided With a 7/8" diameter carbon aperture to decrease the soUd angle 
subtended by the entrance port, 

ampere were measured with 
tegrator, 
with a Keithley electrometer Type 6OOA, the output of w h i c h  was  fed Into the 
current integrator. Stability of the target current during runs WBS about 
@,and the zero target current setting was checked at frequent intervals. 

The biased section 

Target currents in the range IDo9 to loo7 
accuracy with an Elcor Model W A  current In- 

In the range f r a  lD'lo to ampere, currents were measured 

4. Electron Beam Stabillzation 

When the Van de Graaff generator I s  used to accelerate positive ions, 
the source of these ions is a gas discharge ref. Ion bottle. 
sired to accelerate electrons, one can either extract electrons from this 
same ion source, or replace the ref. ion source by a heated filament. 
the focussing characteristics of the accelerating column is sUghtly different 
for electrons and for positive ions. The complete conversion of the accelera- 
tor fram operation with positive ions to operation with electrons only is a 
considerable modification. 
gained by retaining the positive ion capability - not the least of these 
being the ease of making periodic checks of the accelerator energy calibra- 
tion by (p,n) threshold and (p,r) reaction measurements. 

If it I s  de- 

Further, 

There are some substantial advantages to be 

For these reasons, during the early portion of t h i s  work considerable 
effort was directed toward using the ref. ion source and positive ion accel- 
erating column for accelerating electrons. 
sulting beam, particularly in its focus and alignment, was not satisfactory. 
Consequently, the accelerator was converted to incorporate the electron 
filament source, and the electron accelerating column. 

However, the quality of the re- 

-9- 



After acceleration, the electron beam i s  deflected through an angle 

of 25' by an analyzing magnet and passes through a pair of carbon control 
sl i ts  before it strikes the target. 

t o r  t o  the target i s  26.5 feet. 
maintain the beam on the target. 
of a difference amplifier, the output of which controls the current through 
the deflection magnet. Thus, if the beam wanders t o  one side, a correction 
signal i s  sent to the deflection magnet t o  return the bean t o  i t s  central  

position. 

The t o t a l  f l i gh t  path from the accelera- 
The function of the control sl i ts  i s  t o  
The two slits a re  connected t o  the input 

A t  extremely low beam currents, below about 10'' amp, the portion 
of the beam collected by the  control sl i ts  i s  too small f o r  proper control 
of the beam. 
slits i s  formed by a pair of plast ic  scint i l la tors ,  viewed by photomultipliers. 
The outputs of the photomultipliers then are  taken t o  the input of the con- 

t r o l  difference amplifier. 

For operation at  these low currents, an auxiliary pair of 

With this technique, beam currents as low as 
amp have been effectively controlled. 

Over the long fl ight path of the electron beam used i n  this experi- 
ment, the deflection of the beam due t o  the earth's magnetic f ield is  not 
negligible-- at 0.5 MeV, it amounts t o  almost 15 cm! 
tion, the entire beam tube was enclosed in a magnetic shield of "Conetic" 
metal. 

To avoid such deflec- 

5. Detector 

The scint i l la t ion spectrometer i s  of the dual crystal  anticoincidence 
3 type introduced by Trail  and Raboy . 

crystal  surrounded by a NaI(T1) annulus, 8 inches i n  diameter and 12  inches 
long. 

arrangement is seen i n  the photograph of Mgure 4. 
diagram of the associated electronic circuitry, and Mgure 6 shows the pre- 
amplifier assembly. The dual crystal  arrangement affords a substantial  re- 
duction i n  room background as w e l l  as i n  background due t o  Compton scattering 
and pair production i n  the center crystal. 

The detector i s  a 2.32 by 6 inch N a I ( T 1 )  

This assembly i s  enclosed by a 3-inch thick lead sheath. The detector 
Figure 5 is  a block 

Bremsstrahlung reaching the center 

C. C. Trai l  and Sol Raboy, Reviews of Scientific Instruments, 2, 425 (1959) 
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crystal is collimated by the lead sheath, and if the full energy is not ab- 
sorbed in the center detector, the pulse f r m  the outer crystal corresponding 
to partial absorption in that crystal is used in an anti-coincidence mode to 
gate off a pulse height analyzer. Figure 7 shows the .5ll and 1.2'7'7 MeV gammas 
from 22Na analyzed with this spectrometer. Comparison of the gated and m a t e d  
spectra shows a significant reduction in the Compton background and suppression 
of the one-escape and two-escape peaks. 
viewed by an RCA 5342A photomultiplier tube, while the annulus I s  viewed by 
six of these tubes. 
linear amplifier (RCL Model  20509) located on the detector carriage, and 
subsequently fed into an RCL Model 20617 256-channel pulse height analyzer. 
The lower level and base line discriminators in the 256-channel analyzer 
were set for analysis of pulses whose heights correspond to energies greater 
than 20 keV. The gate signal derived from the NaI annulus is fed Into another 
RCL Model 20509 single channel analyzer. This analyzer puts out a 7 ps block- 
ing gate pulse each time it receives an input pulse corresponang to an energy 
greater than 40 keV. 

Ught from the center crystal is 

The signal from the center detector is amplified by the 

The live time correction factor for the multichannel analyzer was 

determined by taking the ratio, for a given run, of the total nwnber of pulses 

stored in the analyzer to the total number of amlyzable pulses arriving at 
the analyzer. 
those of the lower level and upper ievel discriminator settings on the 
analyzer. 
20322). 
7 p sec dead time per gate pulse to the gating circuit in the analyzer. 

The analyzable pulses are those with pulse heights between 

These pulses are counted separately by a fast scaler (RCL Model 
An additional live time correction was applied to account for the 

B. Targets 

The material chosen for the initial measurements was aluminum. For thin 

target measurements a target is classified as thin if the electron scattering 
and energy loss in the target have a negligible influence on the energy and 
angular distribution of the bremsstrahlung. 
therefore, that for a very thin target only single scattering of the elec- 
trons occurs. 
the electrons emerging from the target is given by Blanchard 

This condition pre-supposes, 

A convenient expression for determining the angular spread of 
from multiple 4 

'Ic C. H. Blanchard, National Bureau of Standards Circular 5rl, 9 (1954) 
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scattering theory: 

.< a: 2 >av n 0.6 Z &h"l' (To + 1) I 

where & i s  the 
energy i n  MeV, 
electrons from 

average energy loss i n  the target, To i s  the i n i t i a l  kinet ic  
and .e a: >av i s  the mean square angle of emergence of the 

the target. 

2 

Target thicknesses i n  t h i s  study were selected 

according t o  the cr i ter ion used by Motz and Placi0us5: 

1 - < cos a = 

The thick target data were obtained with samples of infinite thickness, i.e., 

of thickness equal t o  or  greater than the maximum range of electrons i n  the 
target material. 

Three of the thin targets were prepared from rolled aluminum fo i l ,  sup- 

plied by the Alcoa Research Laboratory, Fabricating Metallurgy Division. These 
f o i l s  have thicknesses of 20.56 mg/cm , 7.26 mg/cm , and 3.56 mg/cm , corres- 
ponding t o  nominal thicknesses of O.O03", 0.001", and O.OOO5", respectively. 
Seven other targets ranging i n  thickness from 83 t o  890 micrograms/cm were 

prepared by vacuum evaporation of pure aluminum wire. The technique used 
6 was that described i n  several reports from Lawrence Radiation Iaboratory . 

Briefly, the method used f o r  evaporation of the aluminum targets i s  as follows: 

A glass microscope s l ide i s  dipped into a di lute  solution of detergent and 

sugar, thus providing a water-soluble f i l m  on the glass. 
on top of an accurately measured mask i n  a vacuum chamber, and aluminum i s  

evaporated from a tantalum boat . The glass s l ide i s  slowly immersed a t  a 
shallow angle i n  water, dissolving the substrate and allowing the thin 
aluminum film t o  f loa t  off on the surface of the water. 
picked up on a piece of velvet cloth, washed, dried, and weighed. 

2 2 2 

2 

The sl ide i s  placed 

7 

The th in  f i lm i s  
For a 

J. W. Motz and R, C. Placious, Physical Review log, 235 (1958) 
$1. F. Brummer and H. G. Patton, UCRL-6225, 1961; UCRL6382, 1961; M. A. 

L. Holland, Vacuum Deposition of Thin Films, John Wiley, N. Y. (1956) 
Williamson, UCRL-6989, 1963. 
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self-supporting target the film is then attached with cement to a mounting 
ring. 
the thickness i s  uniform over the surface. 
measure of the thickness were determined by the absorption of monoenergetic 
alpha particles. 
gr-/cm2 for the evaporated targets, and f 0.2$ for the rolled foils. 

The thickness of the films was determined by weighing, assuming that 
Ime uniformity and an independent 

The accuracy of the determination is f3-m f 3 to f 5 pdcro- 

The thick targets were pDvpared frolp %.%$ pure aluminum sheet, supplied 
by Reynolds Aluminum Ccmpany. Two thlckrY3sses were used: .0801' and .2'&'', 
for 

C. 

the 

the energy ranges 0.50 - 1.00 MeV and 2.00 - 3.00 MeV, respectively. 

aslibrstion Procedures 

1. Calibration of Detector Efflciencv 

lb obtain accurate bremsstrahlung spectra, it is necessary to know 
It spectral response of the detector for photons of various energies. 

i s  thus necessary to answer the following question: 
E are endtted at the target position, how ~lsny pulses of height H w i l l  be 
recorded by the detector system? 
three distinguishable factors: 

if I photons of energy 

The answer to t h i s  question will imrolve 

1. geometrical factor - the solid angle subtended by the detector 
at the target position, 

2. absorption between the source and detector, and 

3. intrinsic response of the detector. 

These factors w i l l  be considered in turn. 

Geometrical Factor: 

As described prev3ously, photons fropn the *get pass through an 
opening in a lead collimator, then through a defining lead aperture Inmediately 

in front of the detector. %e diameter, d, of t h i s  aperture w a s  measured by 
a micrameter, and the distance, I,, from the target position was measured 
with a meter stick and two plumb bobs. The solid angle of t h i s  aperture 
was then simply camputed: 

Rd2 
4L2 

& = -  



The two apertures used had nominal diameters of 3 inch and 1 inch. 
responding solid angles were (1.31 f .Ol) x 10 
steradian, respectively . 

The cor- 
-4 and (5.42 f .04) x lf4 

Absorption: 

Between the target and the scintillation crystal, a photon must pass 
through 0.005 in. of Mylar, 98 cm of air, and the materials on the front face 
of the crystal. 
a thin window l$" in diameter. 
and 20 mg/cm of aluminum oxide. 
as a function of energy is summarized in Figure 8. 
is less than 3% for photons with energies greater than 100 keV. 
energy, the absorption increases but remains less than 10% down to 30 keV. 
It should be noted that although the thin window covers only approximately 
half the surface of the front face of the crystal, this did not restrict the 
detector in this experiment, as the lead collimators used had diameters of 

The crystal is secured around the edge of the face, leaving 
The window consists of 34.1 =/a2 of aluminum 
The computed transmission of these absorbers 2 

Note that the absorption 
Below this 

1" and $ 1  

Intrinsic Response: 

The response of the detector to monoenergetic photons is shown in 
Figure 9. The shape is reasonably well approximated by a gaussian, centered 
at the photon energy, and a low energy tail. The approximation used for the 
tail is rectangular at low energies, and triangular under the photopeak. 
The photopeak efficiency is taken to be the total number of counts in the 
gaussian portion of the curve divided by the number of photons which get 
into the crystal. 
it is sufficient to know three parameters: the gaussian portion is described 
by the photopeak efficiency (area under the gaussian) and the full-width-at 
half-maximum; the tail portion is then described by the ratio of the height 
of the tail to the area of the gaussian portion, in couots per MeV per 
photopeak count. These parameters were measured for several monoenergetic 
gamma rays from standard radioactive sources. The particular sources used, 
with the energies of their gamma rays in parentheses, were: 

To describe the crystal response in this approximation, 

- 18- 
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Figure & Gamma-ray Transmission of Various 
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Na (0.511, 1.277)’ 22 

Y (0.898, ~ 8 3 7 ) ~  

6oo0 (1.173, 1.333)’ 

88 

(1.367, 2.754) 2u 

Supplied by Minnesota Mining and Manufacturing CO. 

Supplied by Nuclear Chicago oOrp. 

Supplied by Nuclear Science and lbgineering CO. 

Supplied by Isotope Specialties Co. 

2 

In each case except 24Aa, the activity of the source was specifled by 
Ibe sources were placed at the target position, and a spectrum the supplier. 

accumulated for a fixed time. over 
a n a r r o w  range of channels including the photopeak, with a curve of the form 

The resulting spectrum was then fitted, 

where C = channel nder, and N(C) .I number of counts per second in Channel C. 

The parameter A is proportional to the full-width-at-half-maximum 
(f’whm = 2.354 A ), and the number of counts in the gaussian portion of the 

5 
peak is proportioosl to the product of A3 and A 

source of 24k. 
2.754 MeV was determined. 
interpolation, thus fixing the efficiency at the higher energy. 

(area = A3 As). 5 

The range of calibration was  extended upward using an uncalibrated 
Using this source, the ratio of efficiencies at 1.367 and 

The efficiency at the lower energy w a s  found by 

The photopeak efficiency, corrected for absorption, is shown in Fig- 
ure 10. 

The resolution (fwhm/photon energy) is shown in Figure ll. !he 
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straight line on this figure has the slope 0.5, indicating that the resolu- 
tion is well approximated by 

1 
Res. E 0.081 (E)" , 

where E is the photon energy in MeV. 

2. Correction for Method of Subtracting Background 

When compiling a bremsstrahlung spectrum, a certain number of photons 
are counted which do not come from the target. IrO subtract t h i s  unwanted 
background, a tungsten absorber is placed directly between the target and the 
detector. This blocks the radiation which comes from the target region (see 
arrangement, Figure 2). 

ted, which is then subtracted from the first spectrum (after normalization to 
the same integrated beam and correction for analyzer dead time). 
photon energies the tungsten absorber is not totally opaque - the trans- 
mission is almost 8.5$ at 3.0 MeV, and about 1.5s at 1.0 MeV. 

tion of the desired spectrum is accumulated along with the background, and 
subtracted from the spectrum. A correction factor for this must be added. 
If T(E) is the transmission of the tungsten absorber for photons of energy 

E, the number of counts in the spectrum at this energy, after background 
subtraction, should be multiplied by the factor 

In this fashion, a "background spectnrm" is accumula- 

At high 

Thus, a por- 

. 
The transmission as a function of energy is shown in Figure 12. 

3. Eherav Calibration of Detector 

Before each bremsstrahlung spectrum is accumulated, a calibration 
22 spectrum is taken, using either the 0.511 and 1.2'7'7 MeV ganrma rays of 

or the 0,898 and 1.837 MeV gamma rays of 88Y, or both. 
the Calibration spectra are fitted with a curve of the form 

Na, 
The photopeaks of 

as before. 
ponds to the energy of the gamma rays. 
relation between analyzer channel number (i.e., pulse height) and energy can 

be established. 

The parameter A4 then identifies the channel number which corres- 
With two or more such points, a linear 

This relation was calculated by the computer, which then used 
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the l inear  function t o  identify an energy with each channel number. 

4. Electron Beem Berm W b r a t i o n  

The energy of the electron beam was calibrated using a lithium-drifted 
s i l i con  detector prepared i n  this laboratory. 
high voltage terminal w a s  measured with the generating voltmeter read by a 
Hewlett-Packard Model 412A VTVM. 

t o  -80°C was placed at the end of the beam tube a t  the position normally 
occupied by the Faraday cup, and the peak i n  the pulse height spectrum due 

t o  the electrons scattered from the th in  target f o i l  was observed. Energy 
calibration of the detector was achieved by reference to the internal  con- 
version electron l i ne  fraaa In t h i s  detector the K- and Gconversion 
l ines  at .625 and .657 MeV are well resolved, as seen i n  Figure 13. After 
applying a correction f o r  energy loss i n  the target, the correlation of in- 
cident electron-beam energy to voltmeter reading is thus established. The 

accuracy of the beam energy detenaination is estimated to be approximately 
+, 15 keV. 

The potential  on the accelerator 

The sol id  state detector, which was cooled 

5, SDectrometer Anale csllbmtion 

calibration of the protractor measuring the detector angle was per- 
formed as foUows: A t r a n s i t  centered over the target was used t o  sight 
on a plumb l ine  drapped t o  a quartz beam viewer located a t  the end of an 
extension t o  the ex i t  tube of the target chamber. 
of the electron beam spot at  the quartz viewer, the 0" beam position w a s  
established. Another plwnb l ine  a t  the center of the detector, aligned by 

removing the center crystal  of the spectrometer and sighting down the hole 
at  the target, served for determining other angles in the calibration of the 
protractor. 
t ion  is * 0.2". 

By observing the position 

The precision of the angular measurement of the detector posi- 

D. Data Processing 

A program w a s  written for the IBM 7090 computer w h i c h  takes as inputs 
the laboratory data, and produces as outputs the bremsstrahlung yield and 
reduced intensity. The Input data includes: 

- 25- 
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Symbol 

1* 

io. R(K) 
11. H(K,K') 

sz?&?.4 

Main spectrum, number of counts in channel C of pulse height 
analyzer 

Background spectrum - same form as NA(C) 

Calibration spectrum 

Total charge incident on the target during accumulation of 
main spectnim, in coulombs 

Total charge incident on target during background run 

Analyzer live-time fraction for main (background) spectrum 

Solid angle subtended by detector at target, in steradians 

Target thickness (for thin-target bremsstrahlung data), in 
2 

mg/m 

Corrected photopeak efficiency of de'tector, as a f'unction of 
photon energy 

Resolution of detector at photon energy K 

hw-energy-tail portion of detector response, at pulse 
height K due to photons of energy K'. 

The computer first corrects the main spectrum and the background spectrum 
separately for live time and reduces each to unit charge (1 electron) and 
then subtracts the background from the main spectrum. 
divided by the solid angle of the detector, to produce a normalized net 

This result is then 

spectrum, 

Next, using the calibration spectrum, the independent variable is changed 
from channel to photon energy K. This spectrum is then divided, point by 
point, by the efficiency of the detector, to produce the first approximation 



to the experimental bremsstrahlung yield- 
corresponding to one channel, then 

If dK/dC is the energy increment 

G( C) photon 
F (K) = 

[WdCI I I MeV - steradian - electron 

This spectrum is then corrected for the line-shape of the response of the 
detector. 
bremsstrahlung yield 

The result of this final computation is then printed out as the 

It is also convenient to have the intensity of bremsstrahlung produced - 
which is the product of the number of photons 
To facilitate comparison with results from other materials, this is divided 
by the square of the atomic number, and the "reduced intensity", or 

and the energy/photon, K. 

is printed out. 
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111. RESULTS 

Ihe measured values of bremsstrahlung reduced intensity, from a thick 
aluminum target, are presented in Hgures 14 through 18, and in Tables 1 
through 25. The reduced intensity, 

has the units (steradian)-' (electron)-'. 
the corresponding values of the photon yield, dn/dkdl2, which has the units 
photon (MeV)" (steradian)-' (electron)-'. 

Also presented in the tables are 

!&e target thickness was 0.584 for the 0.50, 0.75 and 1.0 MeV 

For 8 'Ihis just exceeds the residual range for 1.00 MeV electrons data. 
measurements at 2.00 and 3.00 %VY the target haA a thickness of 1.878 
,gn/cm2, which just exceeds the residual range for 3.00 MeV electrons. 

For angles other than go", the target was normal to the incident electron 
Por the case of photons emitted at 90", the target was placed at 45" beam. 

to the incident electron beam, w i t h  the spectrameter viewing the side opposite 
the incaning beam. Thus, the bremsstrahlung was transmitted through the 
target before being detected. 
same side of the target as the incident beam. 

Only for 8 = 120" was the spectraueter on the 

Fran the graphical presentations it can be seen that: 

(1) The reduced intensity is a smoothly decreasing function of photon 
energy at all angles. 

There is the expected peaking at small angles, the tendency being 
more pronounced at higher electron energies. This forward peaking 

is also more pronounced at photon energies near the upper limit. 
example, for To = 2.0 MeV, at K - 1.8 MeV, the intensity at 15" is 
lo7 times that at go", w h i l e  at K = 0.5 MeV, the corresponding ratio 
is only n. 

(2) 

For 

8 
L. V. Spencer, Physical Review, 98, 1595 (1955) 



At backward angles (120") the reduced intensity as a function of the 

ratio K/To is almost independent of To. At 60" and go", the reduced 
intensity as a function of K/To approaches the s8me value, independent 
of To, for 0.8 c K/To< 1.0. 
increases with increasing electron energy, To. 

There appears to be a depression in each of the curves. It will be 
noticedthat this depression occurs at a photon energy of about r75 
to 300 keV, independent of both To and angle. This leads to the 
strong presumption that the source of t h i s  depression may U e  in 

the detecting system - that is, that it is not real. 
that would make this presumption plausible is that the efficiency 
of the detector in this energy range was deduced by interpolation 
from reliable points at energies of 200 keV and 511 keV. 
efficiency at 300 keV were overestimated by about 6$, this would in 
t u r n  introduce a 6$ depression in the computed yield and intensity 
at this photon energy, which is about what is observed. 
planned to check the efficiency at !2'79 keV, with a calibrated 
source which is now on order. 

Finally,  the intensity appears to fall off at very low photon 
energies - below about 100 keV. 
and is probably a result of self-absorption in the target. 
w i l l  reemphasize that the results presented here are the yields 
and intensities emerging from a target of the given thickness - 
w h i c h  should be carefully distinguished from the bremsstrahlung 
produced in the target. 
to remove the effects of absorption within the target). 

- 
At smaller values of K/To, the yield 

One possibility 

If the 

It is 

This effect appears to be real, 
(This 

No attempt has been made in this work 

Future Work 

F'uture work planned in this laboratory will include a contimiation of 
the experimental measurements of the thin target bremsstrahlung cross sec- 
tions for aluminum, iron, carbon, tin and gold, over the energy range 0.1 to 
3.0 MeV. Bremsstrahlung ylelds from thick targets of these materials will 
also be measured. An attempt will be made to measure these cross sections 
at forward angles (0 e 15"). Concurrent with these experiments, measurements 
of electron scattering from targets of these materials of various thicknesses 
w i l l  be made. 
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Figure 15. Reduced lntensity of Bremsstrahlung From a Thick Aluminum Targe t  
(0.5484 gm/c$) as a Function of Photon Energy 
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TABLE 1 

Mater 1 a1 : ALUMINUM 

Thickness: 0.5484 GM/SQ (34 



TABU3 2 

I 

Material: AWMIlWM 

Thickness: 0,5484 cM/% (34 

dn K dn dn K dn 
dK dA zi mnii K dK d A  dK d n  

1 photon 1 
K 

photon 
Mev Mev-eter-elect ster-electron Mev Mev-ster-elect ster-electron 

0 . -or&-- - 02l.8 -1 0322 -5 . F25- - 
,030 0122 -1 -360 -5 .530 4117 -4 - 0343.1 -7 
075 .810 -2 -359 -5 0 5.15 -*&T -6 -0703 -9 

L 100 0 89 -2 0 0 . (50 -a125 -6 - m u 3  -9 
. E 5  0416 -2 0308 -5 '.(25 
B 150 0308 -2 0273 -5 650 
,175 .2% -2 -234 -5 0 67s 
,200 - 4207 -s .TOO 
,225 0139 -2 4186 -5 725 
b25O .io8 -2 o r 6 0  -5 ,750 

0146 -5 775 
733 3 . coo 

,275 .e94 -3 
300 - L 

9 325 
' 350 
375 

t hoo 

- 37- 

0551 -3 
04.63 -3 
0361 -3 . - 

,425 ' 0235 -3 

'175 .io8 -3 
j 500 7m -I 
,450. -3 



Material : WINUM 

Thickness: 0,5484 GM/SQ CM 

hoton 

.130 -1 0193 -5 
,050 .970 -2 -287 -5 
075 0293 -5 
,100 I .411 -2 I .256 -5 
,125 1 e 2 9 0  -2 .221 -5 
,150 .211 -2 
1175 -156 -2 
,200 - 
,225 .858 -3 
,250 617 -3  
,275 .491 -3 
,300 155 - 3 
,325 -300 -3 
350 .a2 -3 

9 375 -141 -3 . )IO0 

. '1-2 5 -686 -4 
,450. .477 -4 
'I75 ,106 -4 

L 500 111 ,h 

To 0-so 

0 60.0 

- 38- 

hoton 

' 525 
,550 ,403 -6 .131 -8 



Thickness: 0.5484 GM/SQ Q4 8 90.0 

I 

dn K dn dn K dn 
73 zmii - 

d~ a n  3 a i  K dK d n  
photon 1 photon 1 

.138 -1 0204 -5 .525 -145 -5 0451 -8 -y25--- 
,050 -760 -2 -225 -5 550 -0245 -6 4 9 0  -9 
075 0478 -2 ,212 -5 0 ;l=i-5 *g@t -6 034 -8 
, loo 310 -2 0184 -5 0 CAI0 - - 
D u 5  -206 -2 -152 -5 o f 6 2 5  
B 150 .139 -2 0123 -5 650 
175 0965 -3 0 1 0 0  -5 675 

,200 . 0 .01a -6 700 
,225 -191 -3 0654 -6 0 725 
.250 ,344 -3 -6 750 
P275 0263 -3 0428 -6 775 
,300 . - . Po0 
325 -139 -3 -267 -6 I .t;25 
' 350 0888 -4 -6 .t,r,o 
375 -695 -4 0154 -6 - w 5  

1 1 1 0 0  89 -4 - . cylo 

K 

M ~ V  MeV-ster-elect ster-electron Mev Mev-ster-elect ster-electron 

. 0 

,425 .258 -4 
,450. 0816 -5 
'b7 5 -572 -5 
500 148 - h 

-650 -7 925 
.a7 -7 950 
.la -7 975 
0439 -9 -l 000 



TABLE 5 

dn K dn 
dK d f i  zo GTii K 

photon 1 

,025 .198 -1 0293 -5 . T52.5- 
,050 .804 -2 .23a -5 .‘;jo 
DO75 .479 -2 -23.3 -5 y(5 
,100 - .172 -5 . . Goo 
-125 .174 -2 0129 -5 7- 
150 0120 -2 -107 -5 .650 

0785 -6 .G(5 
512 1 . - .TOO 

1 7 5  9758 -3 
,200 - 

r)r ,225 -346 -3 ,461 -6 (t-/J 

,250 0226 -3 -335 -6 .‘750 
,275 0160 -3 -260 -6 7 7 5  
’ 300 - - .1?00 
,325 .742 -4 -143 -6 . w 5  
350 .547 -4 -113 -6 .s50 
375 .r(2 -4 . a 4  -7 875 

.hoo 1-76 - 4 .417 -7 .yo0 

.I125 .io8 -4 .m -7 .325 
,450. 0523 -5 0139 -7 .g50 
*’I75 -495 -6 . 1 ~  -8 0 375 

p 500 -_  - - A. 000 

K 

I Mev, MeV - B t e r -e le c t s t e r -e le c t ran MeV - 

~ -~ - 

Material: AIllMINUM 

Thickness: 0.5484 GM/SQ (34 

dn K dn 
c3.K dJh 7% i l ~  d n  
photon 1 

-’ 0147 -6 0455 -9 
-0141 -6 - 0 4 6 0  -9 

-536 -5 a82 -7 -.ua -6 -a 

Me v - s t e r -e Ic c t st e r -electron 

TO 0.50 

8 120.0 

-40- 



TABLE 6 



Material: ALUMINUM 

Thicknecs: 0,5484 GM/SQ CM 

I 

- 42- 

To 0.75 
Q 30.0 

I I I 



Material: ALUMINUM 

Thickness : 0,5484 GWSQ CM 

I 

K dn - dn K dn dn 
K dK dA ~~ K i l ~  a n  Zr a a n  

photon 1 photon 1 
Mev &v-ster-elect ster-electron MeV MeV-ster-elect ster-electron 
0?5 525 
.ow 0120 -1- 0354 5 -550 .I6 -3 
B 075 .896 -2 0398 3 ,575 0130 -3 
B 100 0661 -2 a 1-5 .Goo 0101 -3 
.=5 ~ oM3-2 0342 -5 ~ -@5 

- 
-F- 

-43- 

150 
175 

.227 -6 

.182 -6 
0375 -2 0333 -5 *650 
.29O -2 ,301 -5 -675 

,250 0146 -2 0102 -4 
,275 ,118 -2 ,192 -5 .775 0663 -5 
,300 0101 -2 - .. . eo0 0299 -5 
v 3 2 5  .162 -5 0825 ... 
350 ,147 -5 0950 .151 -5 
375 .132 -5 -e75 . lcoo n 300 
425 .418 -3 ,105 -5 .925 

,450. 0357 -3 .951 -6 1.950 
'I75 .872 -6 -975 

0 

,500 - 71n - 6 .J-.OOO 

,451 -7 

. 



Matcrf al: ALUMINUM 

Thickness: 0.5484 GM/SQ CM 

T, 0.75 

e 90.0 



Material: ALuMINI]M 

I I I 

hoton 1 

ilz;-- 
Mev-Lr-elect ster-electron 

To 0.75 
* 120.0 

photon 1 
Mev MeV-ster-elect ster-electron 

-c_c 4 

525 .370 -4 .115 -6 

3 . C ) q  

375 

-45- 



Material: ALUMINUM 

Thickness: 0.5484 GM/S& CM 

K 

MeV 
025 
030 
075 
100 
12 5 
150 
175 
200 
22 5 

dn K d n  
dK d n  3 (K d n  

photon 1 
Mev-ster -elect stcr -electron 

,601 -1 .178 -4 
-428 -1 .1go -4 
.322 -1 0190 -4 
.242 -1 0179 -4 
.157 -1 -162 -4 
.193 -1 .171 -4 
.125 -1 .I50 -4 
.io8 -1 -144 -4 

To 1.00 

8 15.0 

350 
37 5 
1100 
7125 
4 'io. 
475 
700 

0557 -2 -115 -4 
.491 -2 .log -4 
,450 -3 106 - 4 
.4b8 -2 .lo2 -4 
.375 -2 398 -5 
.340 -2 0956 -5 
2n7 - 3 - 



TABLE 12 

I 

Thickness: 0.5484 GM/sQ CM 
r 

dn K an dn 
dK d n  ~~ K dK d 9  

photon 1 photon 
. K  

MW MeV-ster-elect ster-electron bkv MeV-ster-elect 
025 525 

,050 0444 -1 -131 -4 -550 -136 -2 
* 075 0308 -1 0137 -4 05-75 -116 -2 
,100 -225 -1 .I33 -4 .Goo .117 -2 
125 -170 -1 -127 -4 .@> -981 -3 
,150 .132 -1 .117 -4 -650 .am -3 
175 .lo6 -1 . I O 9  -4 o G 7 5  0719 -3 

t 200 - \  - .IO2 -4 700 - 

0 
- 

-713 -2 ,225 
,250 0591 -2 
,275 -514 -2 
' 300 - 
325 -390 -2 
350 0344 -2 
375 0300 -2 . 'LOO ?6S ~ - 3 

,425 .239 -2 
,4T;Oo -226 -2 
4-75 0190 -2 
rc0 i7n -3 

- 47- 

.950 -5 *725 59 -3 
-887 -5 *775 
7 2  - 5 .coo 
0874 -5 0750 397 -3 

.602 -5 .925 %6 -4 

.222 -3 
,191 -3 

.603 -5 .950 .780 -4 

.535 -5 *975 .44O -4 

- 

503 - E; 1.000 lE;3 - Ir - - 

K dn - 
za m a n  

1 
ster-electron 

- 
,240 -5 
0220 -5 
-181 -5 -Tw5-- 
0111 -5 
0991 -6 

0153 -7 
.I85 -7 -. 513 -8 



r 

dn K d n  
K dK d n  3 ( ~ I C  a n  

photon 1 
I MeV MeV-ster-elect ster-electron 
.025 
,090 .245 -1 .724 -5 
075 .I68 -1 .748 -5 
,100 .122 -1 -721 -5 
,125 . . 64.8 - 5 
150 .674 -2 .598 -5 
175 .521 -2 .539 -5 

-48- 

J 

dn K cin 
K dK dXh za ilK d n  

MeV MeV--ster-elec t ster-electron 
photon 1 

525 597 -3 0185 -5 
0550 -516 -3 -168 -5 
a r ) ' ? 5  .41O -3 ,140 -5 . Goo -381 -3 .I35 -5 
.025 -320 -3 .ii8 -5-- 

*(3s .230 -3 . 91 
.GI,o 0293 -3 -112 12 

-197 -3 
.I59 -3 

.2GO .429 -2 
,225 
,250 .129 -3 
b 2 7 5  .231 -2 .376 -5 .775 -118 -3 
' 300 .I96 -2 0148 -5 . coo .8W -4 
,325 .174 -2 -335 -5 * g 2 5  .662 -4 
370 . I49 -2 .309 -5 .3[)0 0453 -4 
375 -134 -2 -296 -5 01\75 -369 -4 

,1100 152 -4 ' 

,1125 -302 -4 

,i 500 - is6 - - 
-149 -4 

.749 -3 .211 -5 .867 -5 
1.025 .580 -5 
1.050 .234 -5 
1.075 .I65 -5 
1.100 -142 -5 

- 

.542 -6 

.323 -6 
,303 -6 
0191 -6 
1 188- -? 
,165 -3 
-840 -7 
-500 -7 
242 - -  - 7 
-352 -7 
-146 -7 
.IO5 -7 
.924 -8 - 

1 
- 



Material: ALUMINUM 

Thickness: 0.5484 GM/SQ CM 

To 1.00 

8 90.0 



Mat rial: ALUMINUM 

Thickness: 0.5484 GM/S& CM 

I 
photon 1 

MeV MeV-ster-elect ster-electron 
,025 

- 
K 

MCV 
525 
550 
575 
Goo 

67s 
.700 

r q r  IC> 
750 

.775 
,800 

A50 
0875 - *300 
0925 
950 
975 . 000 
la02! 
1.03 
1 07! 
1.10( 

- 

650 

- 

- 

- 
1Ro ,Ei 

-a116 -7 

To 1.00 

0 120.0 

. .  
113 0 7 

-.TO3 -10 

hoton 

8397 - 
.321 -6 

a859 -4 .292 -6 

8 -6 
-325 -4 
::72 Itt 

.1 2 2 -6 
.131 -4 .580 -7 
.128 -4 -589 -7 

0 

a554 -5 
8552 -5 
.I87 -5 
a - 
8111 -5 
-.I99 -6 
-.481 -6 

0.112 -8 
I -a277 -8 



I 
8 
I 
8 
8 
I 
1 
8 
8 
I 
1 
I 
8 
I 
1 
I 
I 
8 
I 

TABLE 16 

THICK TARGJTT BREMSSTRAHLUNG PRODUCTION - 

Thickness: 1.878 OWSQ CM 

- 
K 

MeV 

05 
.10 
15 . 20 
25 
30 
35 

0 4 0  
45 

.50 
55 

0 6 0  
65 
70 
75 rno 

.(35 
0 9 0  
95 

1.00 
l.os 
1.10 
1.15 
1.20 

- 

- 

1.25 
1.30 
1.35 
1.40 
l.ic5 
1.50 - 

3 dKn 
hoton 

.354 -1 ++- 

.igi -1 

.I66 -1 

.142 -1 

.125 -1 

.115 -1 

.lo2 -1 

.922 -2 
,817 -2 

.629 -2 
3 4 3  -2 
-512 -2 

-302 -2 ' 

0344 -2 
381 - - 3 

.250 -2 

.224 -2 

.207 -2 

.I67 -2 

- 
.425 -2 

.319 -2 

- 

.4 *4r 3 -4 -4 
-418 -4 
.398 -4 
*368 -4 
-336 -4 
0393 -4 
0377 -4 * 
0355 -4 
.338 -4 
370 -4 

e319 -4 
.315 -4 
.289 -4 
.288 -4 

.264 -4 

.249 -4 

.234 -4 

.227 -4 
3n3 - 4 
.178 -4 
,172 -4 
.143 -4 

268 - 4 

.192 -4 

- 

-51- 

TO 2.66 

e 15.0 

dn 
K 

. i i 6  -2 1*601 1.65 .lo6 -2 

K d n  
3 d K A  

1 
ster-electron 
-126 -4 
0110 -4 
-104 -4 

2.10 .35- -5 
2.15 I .d -4 

0439 -7 
.I84 -6 
-938 -7 

2.35 
2.40 
2.45 
2.50 
2.55 
2.&3 
2.65 
2.70 
2.75 
2.00 
2-05 
2.90 
2.95 



TABLE 17 

)lev 
.05 

Material: ALUMINUM 

Thickness: 1.878 GM/SQ CM 

pho Lon 1 
MeV-ster.-elect ster-electron blev 

1.55 

1.65 

1.75 
1.00 
1.85 
1.90 

1.60 

1.70 

1.20 
1.25 
1.30 

1.40 
1.115 
1.50 

photon 1 
M e V  -ster -elect ster -electron 
.462 -3 a424 -5 
.266 -3 a260 -5 

a132 -3 -117 -5 
a106 -5 %! 1:: .461 -6 

1264 -4 a297 -6 . 

0302 -3 a286 -5 
a 2 1 0  -3 a211 -5 

- 52- 

~~ ~ 

,543 -7 
.172 -6 
-a414 -7 

2.10 0437 -5 
.135 -4 

2.20 -.318 -5 -I 2.40 

2.45 

2.55 
2.60 

2.70 

3.00 I I 



I 
I 
I 
8 
8 
8 
8 
8 
I 
I 
I 
1 
I 
I 
8 
I 
I 
I 
1 

MeV 
05 

TABLE 18 

photon 1 
MeV-ster-elect s ter-electron 

THICK TARGIST BRWSSTRAIKIJNC, PRODUCTION - 
Material: ALUMINUM 

Thickness: 1,878 W S Q  CM 

K I . &  I b i 3 i a  

-16 I .216 -1 I ,128 -4 

- 53- 

To 2-00 

@ 60.0 

2.15 .790 -6 .loo -7 
2.20 ,863 -6 ,112 -7 
2.25 
2.30 
2.35 
2.40 
2.45 



TABLE 19 

Mev 
1.55 
1.60 
1.65 
1.70 
1-75  
1. I30 
1.135 
1.90 
1.35 

2-05 
2.00 

2.10 
2.15 

THICK TARGET BREMSSTMIILUNC, PRODUCTION 

photon 1 
Mev -ster -elect ster e lectron 
0002 -5 .73% -7 
0767 -5 072 -7 
.140 -5 0137 -7 
.674 -5 .678 -7 
.284 -5 ,294 -7 
,451 -5 ,400 -7 
0139 -5 .152 -B 
.46O -6 .51? -8 . 

-.I10 - 6 ~  -.126 -8 
.658 -6 .. 

-.I85 -6 - .225 -8 
.458 -6 .569 -8 
.125 -6 .I59 -8 

Material: ALUMINUM 

Thickness: 1,878 GM/SQ CM 

2.20 
2.25 
2.30 

- 
K 

Mev 
05 
.10 
.15 
.20 
9 25 
9 30 
35 

.4.0 

.h5 
50 
55 

.Go . 65 

.70 
075 

,7:0 
05 
90 

*95 
1.00 
1.05 
1.10 
1.15 
1.20 

- 

r__ 

- 

- 

1.25 
1.30 
1.35 
1.140 

1.50 

- 

1.115 - 

.915 -6 .iig -7 

dn K tJn 
. ZKEi 

ho Lon 

-218 -1 
.117 -1 

- 54- 

To 2.00 

90.0 

I 1 



I 
I 
8 
8 
I 
8 
8 
8 
1 
1 
I 
8 
8 
t 
8 
I 
8 
8 
1 

TABLE 20 

THICK TARGET BHEMWTRMEUNC, PRODUCTION -- 
Material: ALUMINUM 

- 
K 

Nev 
05 
.10 
15 . 20 

025 
30 
35 

040 . 115 
.50 

55 
0 6 0  
65 

75 .vo 
85 

-90 
95 

1.00 

1.10 

1.20 

- 

_I 

To 

1.05 
1.15 

1.25 
1.30 
1.35 
1.40 
l.h5 
1.50 - 

dn - . d~ an 
photon 

MeV-ster-elect 

K cln 

1 
ster-electron 

~~ 

- 55- 

- 
K 

Ne v - 
1.55 
1.60 
1.65 
1.70 

1.85 
1.9 
1.95 

2.05 

2 -15 

2.30 
2.35 
2.40 
2.45 
2-50 
2.55 
2.60 
2.65 

% 

2 .oo 
2.10 

2.20 
2.25 - 

2.70 

5%- 
2.85 
2.C)o 
2-35 
3.00 

dn 
dK dn 
- 
photon 

M e V - s t e r  -elect 
a474 -5 

K d n  
% dKn . L 

ster e l ec tron  
a435 -7 
a4p z s  
a 3  3 
,207 -7 



TABLE 21 

.20 
025 
30 
35 

.40 

50 
55 

./I5 

Material: ALUMINUM 

Thickness:1.878 GM/SQ CM 

.501 -1 

.377 -1 
-318 -1 
.289 -1 
-253 -1 
.225 -1 
-207 -1 
.1go -1 

K 

Mcv 
05 
.10 
15  

I_ 

-75 

85 
80 

I 

.137 -1 

;118 -1 
-126 -1 

dn 
. d~ dn 

90 
35 

1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1-30 
1.35 

1.11.5 
1.50 

1.110 

pho Lon 
MeV-ste-r-elect 

-109 -1 
0102 -1 

.go1 -2 
0854 -2 
0777 -2 
0744 -2 

.,627 -2 

.224 -2 

L - 

:@ 1: 
.5a7 -2 

- - -  

-570 -4 
.6O5 -4 

55 

.&8 -4 
0599 -4 
,600 -4 
.613 -4 

.612 -4 

-533 1; 
- . 

- . 
.618 -4 
-608 -4 
-608 -4 
.598 -4 
0595 -4 
.581 -4 

.529 -4 

.528 -4 
509 - 4 

.so6 -4 

.501 -4 

.486 -4 

- 56- 

T, 3.00 

e 15.0 

I K dn 
K dK dn 3 d K A  



TABU 22 

THICK TARGET BREMSSTRAHLUNG PRODUCTION - 
Material: ALUMINUM 

Thickness: 1.878 GPI/SQ CM 

- 
K 

MCV 
-05 
.10 
15 
020 
-25 
30 
35 

0 4 0  
45 

.50 
55 

0 6 0  
65 . 70 

085 
0 9 0  
95 

1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1.30 
1.35 
1.40 
1.11.5 
1.50 

- 

- 

--% 

- 

- 

dn 
dK dA 
Dhoton 

- 
MeV-ster-elect 

05-73 -1 
-396 -1 
.290 -1 
.228 -1 

.156 -1 

.136 -1 
0119 -1 

. 

.878 -2 
1800 -2 
.729 -2 
.661 -2 
-612 -2 

K dn 
3 dKn 

1 
s Ler -electron 

0339 -4 

.343 -4 

.352 -4 

.312 -4 
0308 -4 
0302 -4 

--get- 
.282 -4 
.274 -4 
.268 -4 

--H+ 
.247 -4 
.238 -4 
.234 -4 
,224 -4 
,217 -4 
-209 -4 
.198 -4 
0190 -4 
185 - 4 

-57- 

T, 3 . m  
e 30.0 



TABLE 23 

T E C K  TARGIST BRlDt33T!RAllLUNCI P130DUCTION - 
Material: ALUMINUM 

Thickness: 1.878 GM,/SQ CM 

- 
K 

MeV 
05 
.10 
15 

.20 
-25 
30 
35 

.40 . 45 
.50 

55 
.60 
65 
70 
75 

luo 
85 
90 
95 

1.00 
1.05 
1.10 

1.20 

- 

- 

- 

1.15 

1.25 
1.30 
1.35 
1.40 
1 . 45 
1.50 

- 

- 

d.n - . dK dn 
pho Lon 

MeV- s t e r  -e lm t 

-327 -1 
-209 -1 
.I43 -1 
,106 -1 
0775 -2  
.685 -2 
0594 -2 
308 -2 

7g.H- 
-341 -2 
.307 -2 
-269 -2 
0238 -2 
.215 -2 
e193 -2 
:33 1: 
,143 -2 
-129 -2 
0116 -2 
0109 -2 
0952 -3 

-688 -3 
.648 -3 
.618 -3 
.524 -3 

-4%- 

I K tln 
3 d K d n  

1 
s ter-electron 

.I93 -4 

.185 -4 
-169 -4 

01 8 -4 
.141 -4 
-135 -4 
131 - 4 

.I25 -4 
0121 -4 
-118 -4 
.111 -4 
.io6 -4 
0102 -4 
0967 -5 

- 
.1 2 2 -4 

-923 -5 
.889 -5 
.843 -5 
0794 -5 
0757 -5 
0744 -5 
.676 -5 

0631 -5 
,549 -5 

- 

- 
K 

MeV 
I_ 

1.55 
1.60 
1.65 
1.70 
1.75 

1.85 
1.90 
1.95 
2.00 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2. IC0 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.-(5 
-535 
2.85 
2.c90 
2.95 
3.00 

- 

- 

II 

dn 
dK dfi  
- 
nhoton 

M e V - s t e r  -elect 
0433 -3 
0437 -3 
,393 -3 

0998 -2 - 
0901 -4 

.481 -4 
-368 -4 
0310 -4 
.287 -4 
.223 -4 
0212 -4 
. I O 5  -4 
.741 -5 

0515 -5 
.232 -5 
.I74 -5 
.981 -6 

---%+-- 

K dn 

1 
z2 d K A  

6 ter -electron 
44 -5 

.217 -5 

.867 -6 

.lo2 -5 

.668 -6 

-%H- 
.868 -7 
.397 -7 
.1? -7 
.302 -7 



TABLE 24 

photon 
Mev-ster -elec t 

THICK TARGET BFiEESTIUULmCI PRODUCTION 

1 
s ter -elec tron 

Material: ALUMINUM 

Thickness: 1,878 GWSQ CM 

.. 
Mev -ster -elect 
.I41 -3 

- 
K 

MeV 
05 

.10 
15 . 20 . 25 
30 
35 

0 4 0  . '15 
22 

55 
0 6 0  
65 
70 
75 
T 

085 
0 9 0  
95 

1.00 

1.10 

1.20 

- 

l,o5 
1.15 

1.25 
1.30 
1- 35 
1.40 
1 A 5  
1.50 - 

ster-electron 
-129 -5 

- -2 - - 
-4 
-4 
-4 . -4 
-4 
- 

-140 -4 
.128 .-4 I .lo8 -4 

.2 6 -1 
0911 -2 
01 2 5 -1 -104 -5 

.928 -6 
,732 -6 
-730 -6 
-528 -6 
. 93 -6 
-2 7 -6 

- . 

0845 -6 

-v4 -6 

0645 -2 
-3 2 -2 
0298 -2 :24z 20 1: 
-171 -2 
-147 -2 
.131 -2 
.113 -2 

0873 -3 
.%5 -3 
.66O -3 
.587 -3 

O4g6 -2 

. 

.418 -3 

.386 -3 
0327 -3 
.272 -3 
.?36 -3 

- 

0954 -5 
.?73 -5 
0749 -5 
-705 -5 
.646 -5 
.603 -5 
0557 -5 
0523 -5 
-gz 1; 
0383 -5 
-352 -5 
0330 -5 - . 

- 59- 

.155 -4 
-107 -4 

- 
K 

Me v 
7 

1.55 
1.60 
1.65 
1.70 

1.00 
1.85 
1.w 
1.95 
2.00 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2 . IrO 
2.45 
2.50 
2.55 
2.60 
2.65 
2.70 
2.75 
ZE 
2.85 
2.c90 
2.95 
3.00 

1.75 

- 

- 

I_ 

I206 -6 
.I46 -6 

dn 
dK d8l 
ahoton 

-932 -5 
-998 -5 
.665 -5 
,498 -5 
.408 -5 
.311 -5 
.182 -5 
148 - 5 

.729 -6 

- 

53: 3 
-361 -6 
-347 -6 

K d n  
SZGi'Tl 1 1 

.I O -6 

.I 2 -6 2 
-965 -7 
.752 -7 
.628 -7 
0488 -7 

- 

:% 3 
-125 -7 
-630 -0 
,616 -8 

0120 -3 I .114 -5 

667 
.470 . 472 
.215 



TABLE 25 

bkv 
05 

MaLerial: ALUMINUM 

pho Lon 1 
MeV-ster-elect skr-elec. Lron 

Thickness:  1.878 GM/SQ CM 

FSev 
1.55 
1.60 
1.65 

K ilti 
X2 d K  d A  K I . &  I - -  

Mev -ster-elect  s ter-electFon 
.501 -4 -460 -6 
-381 -4 .361 -6 
.319 -4 .311 -6 

1. r(O 
1 e C f 5  
1.00 
1.05 
1.90 
1.95 
2.00 
2.05 
2.10 

-315 -4 .312 -6 
, y5 -4 .24 -6 
.1 2 -4 .I73 -6 
.171 -4 -186 -6 
-151 -4 .170 -6 
.I13 -4 . .130 -6 - 117 - 6 
.913 -5 .I11 -6 
-683 -5 .848 -7 

-60- 

0 9 0  
95 

1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1.30 

1.110 
1.35 

1*11-5 
1.50 

- 

K dn 
K 

-333 -3 .I77 -5 
-307 -3 0173 -5 
.252 -3 .149 -5 
-207 -3 -128 -5 
.I92 -3 .I25 -5 
.I65 -3 0112 -5 
0145 -3 .998 -6 

.795 -6 
-117 - 3 - 

.721 -6 
-675 -6 
.549 -6 

*Io3 -2 
*%:; 14 
.64O -4 
1 

- - 

I ahoton 1 1 
I L 1 

2.90 
2.95 
3.00 


